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(57) Abstract: An optical device (Fig. 1, 10) comprises a plurality of birefringent waveplates (50a, 50b, 50c) and a plurality of
polarization rotators (14, 20, 24). The birefringent waveplates are oriented at a substantially common angle about an optical axis. The
polarization rotators are arranged among the plurality of birefringent waveplates such that a wavelength division multiplexed optical
signal propagating through the polarization rotators and the birefringent waveplates is processed into a first subset of wavelengths
having substantially a first polarization and a second subset of wavelengths having substantiallya second polarization.
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WAVELENGTH ROUTER AND METHOD OF OPERATION

TECHNICAL FIELD OF THE INVENTION

The present invention relates to optical communication
systems, and more particular, to wavelength router and

method of operation.

BACKGROUND OF THE INVENTION

A wavelength router has applications in wavelength
division multiplexed (WDM) optical networking environments.
Prior designs for wavelength routers based upon polarization
based techniques are often difficult to manufacture, provide
static spectral processing, and are not effective in

multi-bit-rate networking environments.

SUMMARY OF THE INVENTION

In one embodiment of the present invention, an optical
device comprises a plurality of birefringent waveplates and
a plurality of polarization rotators. The birefringent
waveplates are oriented at a substantially common angle
about an optical axis. The polarization rotators are
arranged among the plurality of birefringent waveplates such
that a wavelength division multiplexed optical signal
propagating through the polarization rotators and the
birefringent waveplates is processed into a first subset of
wavelengths comprising substantially a first polarization
and a second subset of wavelengths comprising substantially

a second polarization.
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In another embodiment of the present invention, an
optical device comprises a first birefringent crystal having
a first length, a second birefringent crystal having a
second 1length, and a dynamic polarization rotator. An
optical signal propagating through the first and second
birefringent crystals has an effective optical path length
based, at least in part, upon the first length of the first
birefringent crystal and the second length of the second
birefringent crystal. The dynamic polarization rotator
adjusts the effective optical path length of the optical
signal in response to a control signal.

In yet another embodiment of the present invention, an
optical device <comprises a ©plurality of birefringent
waveplates and a plurality of polarization rotators. The
polarization rotators are arranged among the plurality of
birefringent waveplates such that an optical signal
propagating through the polarization rotators and the
birefringent waveplates is processed into a first subset of
wavelengths comprising substantially a first polarization
and a second subset of wavelengths comprising substantially
a second polarization. At least one of the plurality of
polarization rotators is operable to change the polarization
state of beam components associated with the optical signal.

Some, none, or all of the embodiments described herein
may embody some, none, or all of the advantages described
herein. Manufacturing birefringent crystals or waveplates
having unique angles, as with prior art wavelength routers,
is a delicate process. An advantage provided by at least
one embodiment of the present invention is that the
birefringent waveplates are all arranged at a substantially

common angle, (e.g., zero degrees) with respect to a
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reference optical axis. In this respect, the cost and
complexity associated with manufacturing and arranging the
birefringent waveplates is reduced. For example, a designer

is free to choose any common angle for all of the

birefringent waveplates. As a result, angles near
vulnerable cleavage ©planes, which induce chipping or
cracking, can be readily avoided. Damage and waste are

further reduced through efficient raw material utilization.
For example, because all birefringent crystals are cut at a
substantially common angle, an angle can be selected which
results in the best yield.

Not only do the principles of the present invention
advantageously reduce complexity and enhance flexibility of
design and fabrication as described above, they facilitate a
compact single piece waveplate implementation of a
wavelength router. For example, because the birefringent
waveplates may be oriented at a substantially common angle,
it becomes possible to replace multiple longitudinally
aligned individual Dbirefringent waveplates with fewer
waveplates arranged with the polarization rotators in a
compact assembly that uses an optical beam path that is
folded. In one embodiment, the multiple birefringent
waveplates may be replaced by a single birefringent
waveplate oriented at an angle. The compact size of the
wavelength router results in higher optical device densities
and a robust operation.

In a particular embodiment of the present invention,
the spectral bandwidth of the wavelength channels associated
with output signals is made variable in response to control
signals applied to portions of the birefringent waveplates.

By implementing the birefringent waveplates using a dynamic
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polarization rotator positioned between birefringent
crystals, the effective optical path length propagating
through the birefringent waveplate can be increased or
decreased. By increasing the optical path length of an
optical signal, the bandwidth of each wavelength channel
associated with the output signals 1s narrowed. By
decreasing the optical path length of an optical signal, the
bandwidth of each wavelength channel associated with the
output signals is widened. As a result, the use of a
dynamic polarization rotator to control the effective path
length of an optical signal facilitates variable bandwidth

wavelength routing.

In another embodiment of the present invention, dynamic
polarization rotators may be operated by the application of
control signals to produce a switchable wavelength router.
A technical advantage of a switchable wavelength router is
that it provides a switchable beam path control in optical
network applications. This allows the switchable wavelength
router to function as an optical wavelength router in an
optical network and to perform, for example, protection
switching and restoration of optical data paths.
Additionally, it can recognize new wavelength bands and
switch subsets of wavelength channels among outputs.

Other technical advantages of the present invention
will be readily apparent to one skilled in the art from the

following figures, description and claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
invention, and for further features and advantages thereof,
reference is now made to the following description taken in
conjunction with the accompanying drawings, in which:

FIGURE 1 illustrates one embodiment of a wavelength
router;

FIGURE 2A 1is a perspective diagram illustrating an
angle of cutting or rotation of an exemplary birefringent
crystal;

FIGURE 2B 1is a perspective diagram illustrating an
angle of cutting or rotation of an exemplary polarization
rotator having an optical axis;

FIGURES 3A-3B illustrates another embodiment of a
wavelength router;

FIGURE 4 illustrates one embodiment of a bandwidth
variable wavelength router;

FIGURE 5 is a graphical illustration showing relative
amplitude varying by frequency in various stages of
operation;

FIGURE 6 1is a schematic representation illustrating
various principles of a Dbandwidth wvariable wavelength
router;

FIGURE 7 1is a graphic representation of the relative
spectral responses of wavelength channels processed by the
exemplary birefringent crystal configurations of FIGURE 6
depicting bandwidths in arbitrary wavelength units
horizontally and relative amplitudes vertically;

FIGURES 8A-8B illustrate another embodiment of a

bandwidth variable wavelength router;
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FIGURE 9 is a simplified block diagram illustrating on
example an application of a bandwidth variable wavelength
router;

FIGURE 10 illustrates one embodiment of a cascaded
architecture that includes a wavelength router
communicatively coupled to bandwidth variable wavelength
routers;

FIGURE 11 illustrates one embodiment of a switchable
wavelength router;

FIGURE 12 illustrates one example of the operation of
switchable wavelength router to yield four different output
states;

FIGURES 13A-13B illustrate still another embodiment of
a wavelength router; and

FIGURES 14A-14B illustrate one example application of
switchable wavelength routers to facilitate first and second

optical communication traffic patterns.
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DETAILED DESCRIPTION OF THE DRAWINGS

FIGURE 1 illustrates one embodiment of a wavelength
router 10 that includes a first birefringent element 12, a
first polarization rotator 14, wavelength filter 16,
polarization dependent routing element 18, second and third
polarization rotators 20 and 24, and second and third
birefringent elements 22 and 26. In general, router 10
receives an input signal 28 and, based at least in part upon
the orientation of elements within filter 16, generates
output signals 30 and 32 comprising particular wavelength
channels of input signal 28.

Birefringent elements 12, 22, and 26 comprise
birefringent materials that allow a particularly polarized
portion of an optical signal (e.g., vertically polarized

portion) to pass through without changing course because

they are ordinary waves in the element. In contrast,
oppositely polarized waves (e.g., horizontally polarized
portion) are redirected at an angle because of the

birefringent walk-off effect. The angle of redirection is a
well-known function of the particular material chosen.
Examples of materials suitable for construction of the
elements 12, 22, and 26 include calcite, rutile, lithium
niobate, YVO4 based crystals, and the like.

Polarization rotators 14, 20, and 24 comprise twisted
nematic liquid crystal rotators, ferroelectric liquid
crystal rotators, pi-cell based 1liquid crystal rotators,
magneto-optic based Faraday rotators, acousto-optic or
electro-optic based polarization rotators, or any other
suitable device that shifts, rotates, or otherwise changes
the polarization state of an optical signal by a desired

degree. In a particular embodiment, rotators 14, 20, and 24
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change the polarization state of an optical signal or beam
component by either zero degrees (i.e., no rotation) or by
ninety degrees.

Polarization dependent routing element 18 comprises
polarization beam splitters (PBS), birefringent elements, or
any other suitable device that routes beam components of an
optical signal along particular optical paths based upon the
polarization of the particular beam component. Although
element 18 is illustrated in FIGURE 1 as a pair of
polarization beam splitters, it should be understood that
other types of polarization dependent routing elements may
be substituted without departing from the scope of the
invention.

Input signal 28 comprises an optical signal having a
plurality of wavelength channels (e.g., a wavelength
division multiplexed (WDM) or a dense wavelength division
multiplexed (DWDM) optical signal). Each channel has a
particular range of wavelengths (or frequencies). As used
herein, the terms “channel” or “spectral band” refer to a
particular wavelength or range of wavelengths (or
frequencies) that define a unique information signal or
group of signals. Each channel -is wusually evenly spaced
from adjacent channels, although this 1is not necessary.
Output signals 30 and 32 each comprise an optical signal
that includes a subset of the wavelength channels associated
with input signal 28.

Wavelength filter 16 comprises birefringent waveplates
50a-c, generally referred to as a birefringent waveplate 50,
arranged among polarization rotators 52a-d, generally
referred to as a polarization rotator 52. Although FIGURE 1

illustrates three birefringent waveplates 50 and four
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polarization rotators 52, it should be understood that any
suitable number of birefringent waveplates 50 and
polarization rotators 52 may be wused to perform the
wavelength filtering process described herein. In a
particular embodiment, waveplates 50 and rotators 52 are
arranged in an alternating sequence starting and ending with
rotators 52 as illustrated in FIGURE 1. Polarization
rotators 52 generally comprise static half-wave plates. In
one embodiment described in greater detail with respect to
FIGURE 11, polarization rotators 52 may comprise dynamic
half-wave plates that shift, rotate, or otherwise change the
polarization state of a signal by a desired degree 1in
response to a control signal.

Each birefringent waveplate 50 comprises any suitable
number and combination of birefringent crystals that impart
a particular amount of phase delay between beam components
of an optical signal based, at 1least in part, upon the
indices of refraction associated with the birefringent
material used to construct the birefringent crystals. In
one embodiment, birefringent waveplate 50 comprises a single
birefringent crystal. In other embodiments, described in
greater detail below with regard to FIGURES 4-6,
birefringent waveplate 50 comprises an arrangement of
birefringent crystals and one or more polarization rotators.
In prior wavelength filters, birefringent waveplates 50 are
oriented at different angles with respect to a particular
reference optical axis. This cutting or rotation angle 0 is
described in greater detail below with respect to FIGURE 2A.
By arranging each waveplate 50 at a unique angle 0 with
respect to the reference optical axis, each waveplate 50

imparts a particular degree of polarization rotation upon
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beam components of an optical signal. Polarization rotators
52 are therefore not wused in prior wavelength filters.
Waveplates 50 used in prior wavelength filters therefore
impart phase delay and perform polarization rotation to
achieve a desired transmission spectrum.

Manufacturing Dbirefringent crystals having unique
angles 0 for prior art wavelength routers is a delicate
process. An advantage provided by the present invention is

that birefringent waveplates 50 are all arranged at a common

angle, 0, (e.g., zero degrees) with respect to the reference
optical axis. In this respect, the cost and complexity
associated with manufacturing and arranging birefringent

waveplates 50 is reduced. For example, a designer is free
to choose any common angle 6 for all of the birefringent

waveplates 50. As a result, angles 0 near vulnerable
cleavage planes, which induce chipping or cracking, can be
readily avoided. Damage and waste are further reduced
through efficient raw material utilization. For example,
because all birefringent crystals are cut at an
approximately common angle 6, an angle 0 can be selected
which results in the best yield.

Polarization rotators 52 are then arranged at

particular angles, ¢, with respect to the reference optical
axis. For example, polarization rotator 52a may be oriented
at a first angle with respect to the reference optical axis
while polarization rotator 52b may be oriented at a second
angle with respect to the reference optical axis. The
combination of birefringent waveplates 50 and polarization
rotators 52 therefore provides the appropriate amount of

phase delay and polarization rotation wupon the beam
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components of an optical signal to provide the desired
transmission spectrum. Another advantage provided by the
present invention is that polarization rotators 52 may be
manufactured from materials (e.g., quartz) that are easier
to obtain and fabricate at particular angles ¢ without
chipping or cracking.

In operation, birefringent element 12 spatially
separates input signal 28 into a first beam component 56
having a first polarization (e.g., vertical polarization,
indicated using a dot) and a second beam component 58 having
a second polarization (e.g., horizontal polarization,
indicated using a line). Beam components 56 and 58 may also
be referred to as polarization components 56 and 58.
Polarization rotator 14 changes the polarization state of
beam component 56 such that it has the same polarization
(e.g., horizontal polarization) as beam component 58.
Alternatively, polarization rotator 14 may be positioned
such that it changes the polarization state of beam
component 58 to match that of beam component 56.

In the embodiment illustrated in FIGURE 1, wavelength
filter 16 receives beam components 56 and 58 having at least
substantially horizontal polarizations. The combination of
birefringent waveplates 50 and polarization rotators 52
associated with filter 16 imparts a phase delay and a
polarization state change upon beam components 56 and 58 to
generate two eigen states for each beam componént 56 and 58.
The first eigen state carries a first subset of wavelength
channels associated with signal 28 with the same
polarization as the beam component 56 and 58 received by
filter 16 (e.g., horizontal polarization, as depicted in

FIGURE 1). The second eigen state carries a second,
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12
complementary, subset of wavelength channels with an
approximately orthogonal polarization (e.g., vertical
polarization, as depicted in FIGURE 1). In this respect,

the polarization of the incoming beam component 56 and 58
and the two output polarizations for each beam component 56

and 58 form a pair of spectral responses. By manipulating

the orientation angle ¢ of one or more polarization rotators
52 with respect to the reference optical axis, the amount of
phase delay introduced by particular birefringent waveplates
50 may be increased or decreased. In this respect, the
first and second subsets of wavelength channels may be
controlled.

In a particular embodiment, birefringent waveplates 50
and polarization rotators 52 are arranged such that
alternating wavelength channels are coded with one of
horizontal or vertical polarization and the complementary
wavelength channels are coded with the other of horizontal
or vertical polarization (e.g., even channels coded with
horizontal polarization and odd channels coded with vertical
polarization, or vice-versa). A wavelength router 10 that
achieves such a symmetric output spectra may be followed by
additional stages of wavelength routers 10 in a cascaded
assembly to form a demultiplexer. Each cascaded wavelength
router 10 has a narrower spectral response to further slice
the wavelength spectra and produce even narrower spectral
bandwidths. A particular type of cascaded assembly is
described in greater detail with reference to FIGURE 10.

In another embodiment, a particular asymmetric output
spectra may be achieved so that the wavelength router 10 may
be used as an add/drop filter in a WDM network node. In

this embodiment, a specific wavelength channel or subset of
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wavelength channels may be added or dropped through the
narrower band of asymmetric spectra of the wavelength router
10, while the remaining wavelength channels continue past
the wavelength router 10 through the wider complementary
spectrum. This allows WDM signals to enter or leave a WDM
network at a particular node.

Polarization dependent routing element 18 routes the
first and second subsets of wavelength channels based upon
their polarizations. For example, element 18 directs the
first subset of wavelength channels having a horizontal
polarization along a first optical path toward birefringent
element 22. Element 18 directs the second subset of
wavelength channels having a vertical polarization along a
second optical path toward birefringent element 26. To
recombine the spectra of the first subset of wavelength
channels, polarization rotator 20 and birefringent element
22 are used. To recombine the spectra of the second subset
of wavelength channels, polarization rotator 24 and
birefringent element 26 are used. Output signal 30
therefore comprises the first subset of wavelength channels
associated with input signal 28 while output signal 32
comprises the second, complementary, subset of wavelength
channels.

FIGURE 2A 1is a perspective diagram illustrating the
angle of cutting or rotation of an exemplary birefringent
crystal, such as, in one embodiment, birefringent waveplate
50. A birefringent crystal has a first refractive index nl
for light polarized along an optical axis 70 and a second
refractive index n2 for 1light polarized along an optical
axis 72 perpendicular to optical axis 70. For convenience,

laboratory axes are labeled x, y, and z, with an input
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optical beam 74 propagating parallel to the 2z axis and
having an input polarization 76 oriented parallel to the vy
direction perpendicular to z. The birefringent crystal is
cut or rotated so that optical axis 70 is oriented at an

angle 06 in the x-y plane relative to the y-oriented

direction of input polarization 76. The angle 0 is defined
as the cutting or rotation angle of the birefringent
crystal. The propagation direction of an output optical
beam 78 1is oriented parallel to the z axis. Depending on
the length, d, and angle 0 of the birefringent crystal, the
possible output beam polarizations 80 can be oriented in the
x-y plane over the full three-hundred-sixty degree range of
directions radially relative to the =z-axis along which
output optical beam 78 propagates.

FIGURE 2B 1is a perspective diagram illustrating the
angle of cutting or rotation of an exemplary polarization
rotator 52 having an optical axis 90. For convenience,
laboratory axes are labeled x, y, and z, with an input
optical beam 74 propagating parallel to the 2z axis and
having an input polarization 76 oriented parallel to the y
direction perpendicular to =z. Polarization rotator 52 is
cut or rotated so that optical axis 90 is oriented at an

angle ¢ in the x-y plane relative to the y-oriented

direction of input polarization 76. The angle ¢ is defined
as the cutting or rotation angle of polarization rotator 52.
Depending on the length, 1, and cutting or rotation angle ¢
of polarization rotator 52, the possible output beam
polarizations 94 can be oriented radially about output
optical beam 92 over the full three-hundred-sixty degree

range of directions in the x-y plane.



10

15

20

25

30

WO 03/014781 PCT/US02/23689

15

FIGURES 3A-3B illustrate one embodiment of a wavelength
router 100 that includes a birefringent waveplate 50 and a
plurality of polarization rotators 52. Because the

birefringent waveplates 50 described above with regard to

FIGURE 1 may be oriented at a common angle 0, it becomes
possible to replace the multiple longitudinally aligned
individual birefringent waveplates 50 of FIGURE 1 with fewer
waveplates 50 arranged with the polarization rotators 52 in
a compact assembly that uses an optical beam path that is
folded. In one embodiment, the multiple birefringent

waveplates 50 of FIGURE 1 may be replaced by a single

birefringent waveplate 50 oriented at angle 6. Wavelength
router 100 further includes birefringent elements 12, 22,
and 26; polarization rotators 14, 20, and 24; polarization

dependent routing element 18; and reflective elements 102.

In operation, birefringent element 12 spatially
separates input signal 28 into a first beam component 56
having a first polarization and a second beam component 58
having a second polarization. Polarization rotator 14
changes the polarization state of beam component 56 such
that it has the same polarization as beam component 58.
Alternatively, polarization rotator 14 may be positioned
such that it changes the polarization state of beam
component 58 to match that of beam component 56. These
operations and the resulting beam components 56 and 58 are
illustrated in FIGURE 3B. Portions of FIGURE 3A depict a
single beam path for beam components 56 and 58 for
illustrative purposes only.

Beam components 56 and 58 propagate through
polarization rotators 52 and birefringent waveplate 50 in

multiple passes along a folded optical path that is created
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using reflective elements 102a and 102b. The combination of
birefringent waveplate 50, encountered by beam components 56
and 58 in multiple passes, and polarization rotators 52a-d
imparts a phase delay and a polarization state change upon
beam components 56 and 58 to generate two eigen states for
each beam component 656 and 58. The first eigen state
carries a first subset of wavelength channels associated
with signal 28 with the same polarization as the beam
component 56 and 58 received by polarization rotator 52a.
The second eigen state carries a second, complementary,
subset of wavelength channels with the orthogonal
polarization. In this respect, the polarization of the
incoming beam component 56 and 58 and the two output
polarizations for each beam component 56 and 58 form a pair
of spectral responses.

Polarization dependent routing element 18 routes the
first and second subsets of wavelength channels based upon
their polarizations. For example, element 18 together with
reflective element 102c¢ directs the first subset of
wavelength channels having a horizontal polarization along a
first optical path toward birefringent element 22. Element
18 directs the second subset of wavelength channels having a
vertical polarization along a second optical path that is
reflected using reflective element 102d toward birefringent
element 26. To recombine the spectra of the first subset of
wavelength channels, polarization rotator 20 and
birefringent element 22 are used. To recombine the spectra
of the second subset of wavelength channels, polarization
rotator 24 and birefringent element 26 are used. Output
signal 30 therefore comprises the first subset of wavelength

channels associated with input signal 28 while output signal
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32 comprises the second, complementary, subset of wavelength
channels. A technical advantage of wavelength router 100 is
its compact size resulting in higher optical device
densities and a robust operation.

FIGURE 4 illustrates one embodiment of a bandwidth
variable wavelength router 110 that includes a first
birefringent element 12, a first polarization rotator 14,
wavelength filter 112, polarization dependent routing
element 18, second and third polarization rotators 20 and
24, and second and third birefringent elements 22 and 26.
In general, router 110 receives an input signal 28 and,
based at least in part upon the orientation of elements
within filter 112, generates output signals 30 and 32
comprising particular wavelength channels of input signal
28. The bandwidth of the wavelength channels associated
with output signals 30 and 32 is variable in response to
control signals 1l4a-c applied to elements within filter
112. In a particular embodiment, wavelength router 110
further comprises a controller 116 and a network management
module 118.

Wavelength filter 112 comprises birefringent waveplates
50a-c. In one embodiment of router 110, filter 112 also
comprises polarization rotators 52a-d. In another
embodiment of router 110, filter 112 does not include
polarization rotators 52a-d. Therefore, rotators 52a-d are
illustrated using dashed lines. A birefringent waveplate 50
comprises birefringent crystals 120 separated by one or more
polarization rotators 122. A first birefringent crystal 120
of a birefringent waveplate 50 has a first crystal length,
dl, and a second birefringent crystal 120 of a birefringent

waveplate 50 has a second crystal Ilength, d2. In a
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particular embodiment, length d2 is different from Ilength
dil. As a result, an optical signal propagating in series
through the birefringent crystals 120 of a birefringent
waveplate 50 has an optical path 1eﬁgth based, at least in
part, upon the crystal lengths dl and d2 of birefringent
crystals 120.

The polarization rotator 122 of a birefringent
waveplate 50 comprises a dynamic half-wave plate that
changes the polarization state of an optical signal by a
desired degree (e.g., ninety degrees) 1in response to a
control signal 114. As will be described in greater detail
below with respect to FIGURE 5, by changing or not changing
the polarization state of an optical signal propagating in
series through birefringent crystals 120 of a birefringent
waveplate 50, the effective crystal length of birefringent
crystals 120 and, therefore, the optical path length of the
optical signal, may be controlled. For example, if the
polarization rotator 122 changes by ninety degrees the
polarization state of an optical signal propagating in
series through birefringent crystals 120 of waveplate 50,
then the optical path length of the optical signal is based,
at least in part, upon the difference between lengths dl and
d2 of birefringent crystals 120. The optical path length of
the optical signal 1is therefore decreased. If the
polarization rotator 122 changes by zero or three-hundred
sixty degrees the polarization state of an optical signal
propagating in series through birefringent crystals 120 of
waveplate 50, then the optical path length of the optical
signal is based, at least in part, upon the addition of
lengths dl1 and d2 of birefringent crystals 120. The optical

path length of the optical signal is therefore increased.
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Although birefringent waveplates 50 illustrated in FIGURE 4
include two birefringent crystals 120 separated by one
polarization rotator 122, it should be understood that a
birefringent waveplate 50 may comprise any number and
combination of birefringent crystals 120 separated by an
appropriate number of polarization rotators 122. For
example, a birefringent waveplate 50 may comprise
birefringent crystals 120 having lengths dl, d2, and d3, and
polarization rotators 122 arranged among the birefringent
crystals 120 in an alternating sequence. In this respect,
the optical path length of an optical signal propagating in
series through the birefringent crystals 120 and the
polarization rotators 122 may be controlled (e.g., increased
or decreased) with a higher degree of precision and
granularity.

Referring back to FIGURE 2A, a birefringent crystal,
such as Dbirefringent crystals 120 of a Dbirefringent

waveplate 50, has a length, d, and a cutting or rotation

angle, 6. The birefringence, An, of a birefringent crystal

120 is defined as the difference between first and second

refractive indices nl and n2 such that An=(n2-nl). The
spectral bandwidth of each wavelength channel associated

with output signals 30 and 32 is a function of the product

of crystal length, d, and birefringence, An, (i.e., d x An),
such that as this product becomes larger, the bandwidth of
each wavelength channel becomes narrower and as this product
becomes smaller, the bandwidth of each wavelength channel
becomes wider. As described above, the effective lengths of
birefringent crystals 120 of a birefringent waveplate 50 may
be modified using a polarization rotator 122 to increase or

decrease the optical path 1length of an optical signal
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propagating in series through the crystals 120. By
increasing the optical path length of an optical signal,
such as portions of input signal 28, as it propagates
through filter 112, the bandwidth of each wavelength channel
associated with output signals 30 and 32 is narrowed. By
decreasing the optical path length of an optical signal,
such as portions of input signal 28, as it propagates
through filter 112, the bandwidth of each wavelength channel
associated with output signals 30 and 32 is widened.

In operation, birefringent element 12 spatially
separates input signal 28 into a first beam component 56
having a first polarization (e.g., vertical polarization,
indicated using a dot) and a second beam component 58 having
a second polarization (e.g., horizontal ©polarization,
indicated using a line). Polarization rotator 14 changes
the polarization state of beam component 56 such that it has
the same polarization (e.g., horizontal polarization) as
beam component 58. Alternatively, polarization rotator 14
may be positioned such that it changes the polarization
state of beam component 58 to match that of beam component
56.

As illustrated in FIGURE 4, wavelength filter 112
receives beam components 56 and 58 having horizontal
polarizations. In the embodiment of wavelength filter 112

that does not include polarization rotators 52, birefringent

waveplates 50 are oriented at selected angles, 0, such that
they impart a phase delay and a polarization state change
upon beam components 56 and 58 to generate two eigen states
for each beam component 56 and 58. In the embodiment of
wavelength filter 112 that does include polarization

rotators 52, birefringent waveplates 50 are each oriented at



10

15

20

25

30

WO 03/014781 PCT/US02/23689

21

a common angle, O, and the combination of birefringent
waveplates 50 and polarization rotators 52 imparts a phase
delay and a polarization state change upon beam components
56 and 58 to generate two eigen states for each beam
component 56 and 58. Irrespective of the embodiment of
wavelength filter 112 used in wavelength router 110, the
first eigen state carries a first subset of wavelength
channels associated with signal 28 with the same
polarization as the beam component 56 and 58 received by
filter 16 (e.g., horizontal polarization, as depicted in
FIGURE 1). Moreover, the second eigen state carries a
second, complementary, subset of wavelength channels with
the orthogonal polarization (e.g., vertical polarization, as
depicted in FIGURE 1). In this respect, the polarization of
the incoming beam component 56 and 58 and the two output
polarizations for each beam component 56 and 58 form a pair
of spectral responses.

Polarization dependent routing element 18 routes the
first and second subsets of wavelength channels based upon
their polarizations. For example, element 18 directs the
first subset of wavelength channels having a horizontal
polarization along a first optical path toward birefringent
element 22. Element 18 directs the second subset of
wavelength channels having a vertical polarization along a
second optical path toward birefringent element 26. To
recombine the spectra of the first subset of wavelength

channels, polarization rotator 20 and birefringent element

22 are used. To recombine the spectra of the second subset
of wavelength channels, polarization rotator 24 and
birefringent element 26 are used. Output signal 30

therefore comprises the first subset of wavelength channels
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associated with input signal 28 while output signal 32
comprises the second, complementary, subset of wavelength
channels.

The spectral bandwidth of the wavelength channels
associated with output signals 30 and 32 are variable 1in
response to control signals 114. Referring now to FIGURE 5,
if control signals 1ll4a-c cause polarization rotators 1l22a-c
to change by ninety degrees the polarization of beam
components 56 and 58 within each particular birefringent
waveplate 50, then the optical path lengths of beam
components 56 and 58 are based, at least in part, upon the
difference Dbetween lengths dl and d2 of birefringent
crystals 120. Therefore, the optical path lengths of beam
components 56 and 58 are decreased such that the bandwidth
of each wavelength channel associated with output signals 30
and 32 is widened, as illustrated in State I of FIGURE 5.
If control signals 1ll4a-c cause polarization rotators 122a-c
to change by =zero or three-hundred-sixty degrees the
polarization state of beam components 56 and 58 within each
particular birefringent waveplate 50, then the optical path
lengths of beam components 56 and 58 are based, at least in
part, upon the addition of lengths dl and d2 of birefringent
crystals 120. Therefore, the optical path lengths of beam
components 56 and 58 are increased such that the bandwidth
of each wavelength channel associated with output signals 30
and 32 is narrowed, as illustrated in State II of FIGURE 5.

In some embodiments, controller 116 communicates
particular control signals 114 to polarization rotators 122
in response to a control packet received from network
management module 118. For example, a control packet from

network management module 118 may contain a control message
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requesting a change in the spectral bandwidth of wavelength
channels associated with output signals 30 and 32 from wider
wavelength channels to narrower wavelength channels. In
this respect, a higher channel density is achieved over a
particular range of wavelengths. Controller 116 receives
and interprets the control message and, 1in response,

communicates control signals 1ll4a-c to polarization rotators

122a-c, respectively, that change the operation of
wavelength router 110 from State I (i.e., low channel
density) to State II (i.e., high channel density). Of

course, the control packet may also request a change in
operation of wavelength router 110 from State II to State I.
FIGURE 6 1is a schematic representation illustrating
underlying principles of bandwidth variable wavelength
router 110. For purposes of clarity, each of the

birefringent crystals depicted in FIGURE 6 have identical

birefringence, An. FIGURE 7 is a graphic representation of
the relative spectral responses of wavelength channels
processed by the exemplary birefringent crystal
configurations of FIGURE 6 depicting bandwidths in arbitrary
wavelength units horizontally and relative amplitudes
vertically.

Referring now to FIGURE 6, birefringent crystals 152
and 154 have equal crystal lengths L-152 and L-154. If an
optical beam passes longitudinally in series through

birefringent crystals 152 and 154 oriented at the same angle

0, then the effective crystal 1length L-156 comprises the
addition of individual 1lengths L-152 and L-154. As
described above with regard to FIGURE 4, the spectral
bandwidth of associated wavelength channels is accordingly

narrowed. If birefringent crystals 152 and 154 are rotated
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by ninety degrees relative to one another about the input
beam axis, then their corresponding refractive indices are
reversed so that their birefringence is canceled. The
effective crystal length is consequently zero, and the
spectral bandwidth of associated wavelength channels is

substantially unrestricted.

Birefringent crystals 162 and 164 have unequal lengths
L-162 and L-164 associated with unequal spectral bandwidths
B-162 and B-164. If an optical beam passes longitudinally
in series through birefringent crystals 162 and 164 oriented
at the same angle 0, then the effective crystal length L-166
comprises the addition of individual 1lengths L-162 and
L-164. Again, the spectral bandwidth of associated
wavelength channels is accordingly narrowed, as illustrated
by B-166 in FIGURE 7. However, if birefringent crystals 162
and 164 are rotated by ninety degrees relative to one
another about the input beam axis, then their corresponding
refractive indices are reversed. The effective crystal
length L-168 comprises the difference between individual
crystal lengths L-162 and L-164. The spectral bandwidth of
associated wavelength channels is accordingly widened, as

illustrated by B-168 in FIGURE 7.

If a half-wave ©plate 172 is ingserted between
birefringent crystals 152 and 154 as illustrated in optical
configuration 182, then the polarization state of an optical
beam propagating through configuration 182 will be changed
by ninety degrees. For beam propagation through
birefringent crystal 154, changing the beam polarization by
ninety degrees about the beam axis is equivalent to rotating
the birefringent crystal 154 by ninety degrees about the
beam axis. Therefore, crystal lengths L-152 and L-154 of
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configuration 182 will <cancel, providing substantially
unrestricted wavelength channel bandwidth, as described
above. Similarly, inserting a half-wave plate 172 between
birefringent crystals 162 and 164 as illustrated in optical
configuration 188 causes the polarization state of an
optical beam propagating through configuration 188 to change
by ninety degrees about the beam axis. For beam propagation
through birefringent crystal 164, changing the Dbeam
polarization by ninety degrees about the beam axis is
equivalent to rotating the birefringent crystal 164 by
ninety degrees about the beam axis. Therefore, crystal
lengths L-162 and L-164 of configuration 188 will yield an
effective crystal length of L-168, providing a wavelength
channel bandwidth B-168. As a vresult, changing the
polarization state of a beam by ninety degrees prior to
propagation through a birefringent crystal, such as crystals
154 and 164 of configurations 182 and 188, is equivalent to
rotating crystals 154 and 164 by ninety degrees with respect
to crystals 152 and 162, respectively. Combining rotation
of the birefringent crystals relative to one another with a
half-wave plate inserted between crystals will result in
behavior equivalent to that of combining no half-wave plate

with no rotation of birefringent crystals.

Optical <configuration 192 1is similar to optical
configuration 188, except that a dynamic half-wave plate 194
is inserted in place of static half-wave plate 172 between
birefringent crystals 162 and 164. Dynamic half-wave plate
194 has two operating states controllable by applying an
external control signal 196. In State I, dynamic half-wave
plate 194 exhibits normal half-wave plate behavior, whereas

in State 1II, dynamic half-wave plate 194 exhibits no
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half-wave plate behavior and acts substantially as a passive
transparent optical window. Accordingly, 1in State I,
optical configuration 192 has an effective crystal length
L-168 equal to the difference between individual lengths
L-162 and L-164, resulting in wavelength channel bandwidth
B-168. In State II, optical configuration 192 has an
effective length L-166 equal to the addition of individual
lengths L-162 and L-164, resulting in wavelength channel
bandwidth B-166. As a result, the use of a dynamic
half-wave plate to control the effective crystal length of a
combination of birefringent crystals facilitates dynamically
variable bandwidth wavelength channels. Moreover, the use
of these polarization control techniques with the
birefringent crystals 120 and polarization rotators 122
illustrated in FIGURE 4 facilitates wvariable bandwidth

wavelength routing.

FIGURES 8A-8B illustrate one embodiment of a bandwidth
variable wavelength router 200 that includes a birefringent
waveplate 50 and a plurality of polarization rotators 52.
Because, in one embodiment, the birefringent waveplates 50
described above with regard to FIGURE 4 may be oriented at a
common angle 0, it becomes possible to replace the multiple
longitudinally aligned individual birefringent waveplates 50
of FIGURE 4 with fewer waveplates 50 arranged with the
polarization rotators 52 in a compact assembly that uses an
optical beam path that is folded. In one embodiment, the
multiple birefringent waveplates 50 of FIGURE 4 may be
replaced by a single birefringent waveplate 50 that
comprises birefringent crystals 120 and polarization rotator
122. Wavelength router 200 further includes birefringent

elements 12, 22, and 26; polarization rotators 14, 20, and
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24; polarization dependent routing element 18; and
reflective elements 102.
In operation, birefringent element 12 spatially

separates input signal 28 into a first beam component 56
having a first polarization and a second beam component 58
having a second polarization. Polarization rotator 14
changes the polarization state of beam component 56 such
that it has the same polarization as beam component 58.
Alternatively, polarization rotator 14 may be positioned
such that it changes the polarization state of Dbeam
component 58 to match that of beam component 56. These
operations and the resulting beam components 56 and 58 are
illustrated in FIGURE 8B. Portions of FIGURE 8A depict a
single beam path for beam components 56 and 58 for

illustrative purposes only.
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Beam components 56 and 58 propagate through
polarization rotators 52 and birefringent waveplate 50 in
multiple passes along a folded optical path that is created
using reflective elements 102a and 102b. The combination of
birefringent waveplate 50, encountered by beam components 56
and 58 in multiple passes, and polarization rotators 52a-d
imparts a phase delay and a polarization state change upon
beam components 56 and 58 to generate two eigen states for
each beam component 56 and 58. The first eigen state
carries a first subset of wavelength channels associated
with signal 28 with the same polarization as the beam
component 56 and 58 received by polarization rotator 52a.
The second eigen state carries a second, complementary,
subset of wavelength channels with the orthogonal
polarization. In this respect, the polarization of the
incoming beam component 56 and 58 and the two output
polarizations for each beam component 56 and 58 form a pair
of spectral responses.

Polarization dependent routing element 18 routes the
first and second subsets of wavelength channels based upon
their polarizations. For example, element 18 together with
reflective element 102c directs the first subset of
wavelength channels having a horizontal polarization along a
first optical path toward birefringent element 22. Element
18 directs the second subset of wavelength channels having a
vertical polarization along a second optical path that is
reflected using reflective element 102d toward birefringent
element 26. To recombine the spectra of the first subset of
wavelength channels, polarization rotator 20 and
birefringent element 22 are used. To recombine the spectra

of the second subset of wavelength channels, polarization
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rotator 24 and birefringent element 26 are used. Output
signal 30 therefore comprises the first subset of wavelength
channels associated with input signal 28 while output signal
32 comprises the second, complementary, subset of wavelength
channels.

As described above with regard to FIGURE 4, the
spectral bandwidth of the wavelength channels associated
with output signals 30 and 32 are variable in response to
control signal 114. If control signal 114 causes
polarization rotator 122 to change by ninety degrees the
polarization of beam components 56 and 58 along any given
pass of components 56 and 58 through birefringent waveplate
50, then the optical path lengths of beam components 56 and
58 are based, at least in part, upon the difference between
lengths dl and d2 of birefringent crystals 120. Therefore,
the optical path lengths of beam components 56 and 58 are
decreased such that the bandwidth of each wavelength channel

associated with output signals 30 and 32 1is widened, as

'illustrated in State I of FIGURE 5. If control signal 114

causes polarization rotator 122 to change by zero or
three-hundred-sixty degrees the polarization of beam
components 56 and 58 along any given pass of components 56
and 58 through birefringent waveplate 50, then the optical
path lengths of beam components 56 and 58 are based, at
least in part, upon the addition of lengths dl and d2 of
birefringent crystals 120. Therefore, the optical path
lengths of beam components 56 and 58 are increased such that
the bandwidth of each wavelength channel associated with
output signals 30 and 32 1is narrowed, as illustrated in
State II of FIGURE 5. In a particular embodiment,

controller 116 communicates a particular control signal 114
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to polarization rotator 122 in response to a control packet
from network management module 118.

FIGURE 9 is a simplified block diagram illustrating an
application of a bandwidth variable wavelength router, such
as routers 110 and/or 200 within a bit-rate transparent
optical router 210. Optical router 210 includes optical
switch 212 that selectively interconnects input and output
ports, for example, ports 214, 216, and 218, which
communicate across an opticalr communications network. An
optical input data stream having, for example, 10 Gb/s bit
rate wavelength channels, enters at input port 214 and 1is
demultiplexed by a demultiplexer 220 into, for example, odd
and even wavelength channels 222 and 224, which are then
switched through optical switch 212 and propagate as
channels 226 and 228, which are then multiplexed by a
multiplexer 230 and delivered to output port 218. Another
optical input data stream having 40 Gb/s bit rate wavelength
channels enters router 210 through input port 216 from a
different source in the network, and is also routed to
output port 218. Demultiplexer 232 demultiplexes the 40
Gb/s data stream into, for example, odd and even wavelength
channels 234 and 236, which enter optical switch 212.
Optical switch 212 processes the two different bit-rate data
streams without difficulty, since optical switch 212 is
essentially bit-rate transparent. However, prior art
wavelength routers are not bit-rate transparent, and if
multiplexer 230 is a conventional wavelength router, it
cannot adapt to varying bit rates from different sources
within the network. The result is that prior art optical
routers cannot optimally handle variable bit rate data

streams.
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If multiplexer 230 is a bandwidth variable wavelength
router 110 and/or 200 as described above in connection with
FIGURES 4 and 8A-B, then it can adapt to accommodate both
the 10 Gb/s and the 40 Gb/s input data streams. Bandwidth
variable wavelength router 230 is communicatively coupled to
a controller 240, which provides control signals 242 that
change the properties of dynamic half-wave plates internal
to bandwidth wvariable wavelength router 230. If, for
example, network management module 244 detects in the
network that bandwidth variable wavelength router 230 is
initially processing a 10 Gb/s data stream in a narrow
bandwidth State II (high wavelength channel density within a
particular wavelength range), as defined above, but is
subsequently required to process a new data stream at 40
Gb/s, then network management module 244 communicates a
control packet to controller 240 indicating that wvariable
bandwidth wavelength routing is desired. In response,
controller 240 communicates a control signal 242 to
wavelength router 230 to change the state of operation of
wavelength router 230 from narrow bandwidth State II (high
wavelength channel density) to wide bandwidth State I (low
wavelength channel density). Operating in State I, as
described above, wavelength router 230 can readily process
the new 40 Gb/s data stream. In this respect, wavelength
router 230 can maximize the Dbandwidth utilization for a
10Gb/s input data stream and still adapt to meet the

bandwidth requirements of a 40Gb/s input data stream.

In accordance with 1International Telecommunications
Union (ITU) standards, only discrete bit rate values are
generally allowed for data streams in an optical network.

For example, 0OC48 with 2.5 Gb/s bit rate, 0OC192 with 10 Gb/s
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bit rate, and 0C768 with 40 Gb/s bit rate are typical
configurations. Other bit rates may be supported as optical
networks evolve. A technical advantage of wavelength router
230 is that it may be dynamically configured to process data
streams having these and other bit rates.

FIGURE 10 illustrates one embodiment of a cascaded
architecture 246 that includes a wavelength router 248
communicatively coupled to bandwidth variable wavelength
routers 110a and 110Db. Although the description of FIGURE
10 is detailed with respect to routers 1l1l0a-b, it should be
understood that routers 200a-b may be used without departing
from the scope of the present invention. Wavelength router
248 comprises any suitable optical device that receives an
optical signal 28 and generates signals 249a and 249b.
Signals 249a and 249b each comprise subsets of wavelength
channels associated with signal 28. For example, signal
249a comprises even wavelength channels associated with
signal 28 and signal 249b comprises odd wavelength channels
associated with signal 28. In this respect, the channel
spacing of each wavelength channel in signals 24%a and 249b
is twice that of the channel spacing of wavelength channels
in signal 28. For example, if signal 28 is a 50Ghz signal,
then signals 249a and 249b are each 100Ghz signals. In a
particular embodiment, router 248 comprises any of the
wavelength routers described herein.

Bandwidth variable wavelength routers 11l0a-b receive
signals 249a-b and, depending upon the operation of routers
110a and 110b, generate two or more of output signals 245c-d
and 249e-f, respectively. For example, if routers 110a and
110b are operating in a first state, then routers 110a-b

receive signals 24%9a and 249b and generate signals 249c-d
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and 249%9e-f, respectively. Operating in this state, for

example, routers 110a and 110b receive 100Ghz signals (e.g.,

249a-b) and generate 200Ghz signals (e.g., 249c-d and
249e-1£) . In this respect, architecture 246 operates as a
1x4 device. If routers 110a and 110b are operating in a

second state, then routers 110a-b receive signals 249%9a and
249b and generate signals 249c and 249e, respectively.
Operating in this state, for example, routers 110a and 110b

receive 100Ghz signals (e.g., 249a-b) and generate 100Ghz

signals (e.g., 249c and 249e) having better isolation
characteristics. In this respect, architecture 246 operates
as a 1x2 device. A technical advantage of architecture 246

is that routers 110a and 110b provide bandwidth variable
spectral processing to meet the demands of a growing and
changing optical network.

FIGURE 11 illustrates one embodiment of a switchable
wavelength router 250 that includes a first birefringent
element 12, a first polarization rotator 14, wavelength
filter 16, polarization dependent routing element 18, second
and third polarization rotators 20 and 24, and second and
third birefringent elements 22 and 26. In general, router
250 receives an input signal 28 and, based at least in part
upon the orientation of elements within filter 16 and the
application of control signals 260, generates output signals
30 and 32 comprising particular wavelength channels of input
signal 28.

Each birefringent waveplate 50a-c of switchable
wavelength router 250 is oriented at a common angle 6.
Polarization rotators 52 of switchable wavelength router 250
comprise dynamic half-wave plates made from, for example,

liquid crystal material. Each polarization rotator 52a-d is
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oriented at a particular angle ¢ and operates in response to
a corresponding control signal 260a-d, generally referred to
as control signal 260.

FIGURE 12 illustrates the operation of switchable
wavelength router 250 to yield four different output states
270, 272, 274, and 276. In each output state 270-276,
switchable wavelength router 250 receives an input signal 28
comprising first and second subsets of wavelength channels
280 and 282. By applying particular control signals 260 to
particular polarization rotators 52a-d, particular subsets
of wavelength channels 280 and 282 may be switched among and
between output signals 30 and 32.

In output state 270, control signals 260a-d applied to
polarization rotators ©52a-d cause polarization rotators
52a-d to operate as ordinary half-wave plates. For example,
control signals 260a-d may apply zero volts to each of the
polarization rotators 52a-d. As a result, the polarization
of first wavelength subset 280 1is orthogonal to the
polarization of second wavelength subset 282. Output signal
30 comprises first wavelength subset 280 while output signal
32 comprises second wavelength subset 282.

In output state 272, a control signal 260 is applied to
a selected one of polarization rotators 52a or 52d such that
it causes the selected polarization rotator 52a or 52d to
change the polarization state of the beam components 56 and
58 by ninety degrees with respect to the polarization state
of the beam components 56 and 58 during the operation of
router 250 in output state 270. For example, a control
signal 260a may be applied to polarization rotator 52a to
cause it to change the polarization state of beam components

56 and 58 by ninety degrees with respect to the polarization
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state of the beam components 56 and 58 during the operation
of router 250 in output state 270. The remaining control
signals 260b-d cause polarization rotators 52b-d to operate
as ordinary half-wave plates. In another example, a control
signal 260d may be applied to polarization rotator 52d to
cause it to change the polarization state of beam components
56 and 58 by ninety degrees with respect to the polarization
state of the beam components 56 and 58 during the operation
of router 250 in output state 270. The remaining control
signals 260a-c cause polarization rotators 52a-c to operate
as ordinary half-wave plates. As a result, the polarization
of first wavelength subset 280 1is orthogonal to the
polarization of second wavelength subset 282. Output signal
30 comprises second wavelength subset 282 while output
signal 32 comprises first wavelength subset 280.

In output state 274, a sufficient voltage is applied by
control signals 260a-d to polarization rotators 52a-d to
eliminate the birefringence properties of the liquid crystal
material, for example, from which polarization rotators
52a-d are made. In this respect, the polarization state of
beam components 56 and 58 communicated by filter 16 is the
same as the polarization state of beam components 56 and 58
received by filter 16. As a result, the polarization of
first wavelength subset 280 is substantially equal to the
polarization of second wavelength subset 282. Output signal
30 comprises first and second wavelength subsets 280 and
282,

In output state 276, a control signal 260 is applied to
a selected one of polarization rotators 52a or 52d such that
it causes the selected polarization rotator 52a or 52d to

change the polarization state of the beam components 56 and
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58 by ninety degrees. For example, a control signal 260a
may be applied to polarization rotator 52a to cause it to
change the polarization state of beam components 56 and 58
by ninety"degrees. The remaining control signals 260b-d
apply a sufficient voltage to polarization rotators 52b-d to
eliminate the birefringence properties of the liquid crystal
material, for example, from which rotators 52b-d are made.
In another example, a control signal 260d may be applied to
polarization rotator 52d to cause it to change the
polarization state of beam components 56 and 58 by ninety
degrees. The remaining control signals 260a-c apply a
sufficient +voltage to polarization rotators 52a-c to
eliminate the birefringence properties of the liquid crystal
material, for example, from which rotators 52a-c are made.
In this respect, the polarization state of beam components
56 and 58 communicated by filter 16 is orthogonal to the
polarization state of beam components 56 and 58 received by
filter 16. As a result, the polarization of first
wavelength subset 280 is substantially equal to the
polarization of second wavelength subset 282. Output signal
32 comprises first and second wavelength subsets 280 and
282.

FIGURES 13A-13B illustrate one embodiment of a
wavelength router 300 that includes a birefringent waveplate
50 and a plurality of polarization rotators 52. Because the
birefringent waveplates 50 described above with regard to
FIGURE 11 may be oriented at a common angle 0, it becomes
possible to replace the multiple longitudinally aligned
individual birefringent waveplates 50 of FIGURE 11 with
fewer waveplates 50 arranged with the polarization rotators

52 in a compact assembly that uses an optical beam path that
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is folded. In one embodiment, the multiple birefringent

waveplates 50 of FIGURE 11 may be replaced by a single

birefringent waveplate 50 oriented at angle 0. Wavelength
router 300 further includes birefringent elements 12, 22,
and 26; polarization rotators 14, 20, and 24; polarization
dependent routing element 18; reflective elements 102; and
controller 116. Polarization rotators 52 of switchable
wavelength router 300 comprise dynamic half-wave plates made
from, for example, ligquid crystal material. Each

polarization rotator 52a-d is oriented at a particular angle

¢ and operates in response to a corresponding control signal
260a-d, generally referred to as control signal 260.
Switchable wavelength router 300 may implement output states
270-276 using the same application of control signals 260 as

described above with regard to FIGURE 12.

A technical advantage of switchable wavelength routers
250 and 300 is that they provide switchable beam path
control in optical network applications. This allows the
switchable wavelength routers 250 and 300 to function as an
optical wavelength router in an optical network and to
perform, for example, protection switching and restoration
of optical data paths. Additionally, 1t can recognize new
wavelength bands and switch subsets of wavelength channels
among outputs. These advantages result at least in part
from using dynamic half-wave plates whose properties are
controlled by the application of control signals, which can
be accomplishéd adaptively or programmably.

FIGURES 14A-14B illustrate an application of switchable
wavelength routers 250 or 300 to facilitate first and second
optical communication traffic patterns 310 and 330. For

example, in a first traffic pattern 310 illustrated in
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FIGURE 14A, traffic in a path 312 from a network node 314 is
demultiplexed for propagation along two paths 316 and 318 at
a first switchable wavelength router 250a (or 300). Traffic
along path 316 enters an intermediate network node 320,
which communicates the traffic along a path 322. Traffic
along paths 318 and 322 are then multiplexed by a second
switchable wavelength router 250b (or 300), and then
propagated along path 324 to another network node 326. It
should be noted that wavelength routers 250 (or 300) are
reciprocal devices that may perform both multiplexing and
demultiplexing operations. This permits second switchable
wavelength router 250b (or 300) to perform a traffic add
operation complementary to the traffic drop operation
performed by first switchable wavelength router 250a (or
300) . This reciprocity further allows the entire flow of
traffic in pattern 310 to be reversed, i.e., propagation of
traffic from node 326 to nodes 320 and 314. Both first and
second switchable wavelength routers 250a-b in this example
operate in output state 270 described above with regard to
FIGURE 12. Alternatively, first and second switchable
wavelength routers 250 may both operate in output state 272.

In a second traffic pattern 330, illustrated in FIGURE
14B, intermediate node 318 1is entirely bypassed. In this
case, first switchable wavelength router 250a (or 300)
operates in output state 274, so that all traffic is routed
from node 314 along paths 312 and 318. Second switchable
wavelength router 250b (or 300) also operates in output
state 274, thereby capturing all traffic routed by first
switchable wavelength router 250a (or 300). Second
switchable wavelength router 250b (or 300) then routes the
traffic along path 324 to node 326. Because switchable
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wavelength routers 250a-b (or 300) are reciprocal devices
that may perform both multiplexing and demultiplexing
operations, the flow of traffic in second traffic pattern
330 can also be reversed. Moreover, first and second
switchable wavelength routers 250a-b (or 300) can both

operate in output state 276.

By deploying switchable wavelength routers 250 (or 300)
in an optical communication network as described in FIGURES
14A-B, it is possible to route traffic based on the data
carrying capacity of particular optical paths. For example,
during the daytime, path 318 may not have enough data
carrying capacity to support all of the traffic to be
communicated from network node 314 to node 326. Switchable
wavelength routers 250 (or 300) may be used to route a
portion of the traffic from node 314 to node 326 via
intermediate node 320. In this respect, paths 316 and 322
remove some of the traffic burden from path 318. During the
nighttime, however, when the traffic flow subsides and path
318 does have enough data carrying capacity to support all
of the traffic to be communicated from network node 314 to
node 326, switchable wavelength routers 250 (or 300) may
bypass intermediate node 320. In this respect, switchable

wavelength routers 250 (or 300) facilitate traffic shaping.

Although wavelength routers 10, 100, 110, 200, 250, and
300 and their advantages have been described in detail, it
should be understood that various changes, substitutions and
alterations can be made herein without departing from the
spirit and scope of the invention as defined by the appended
claims. For example, wavelength routers 10, 100, 110, 200,
250, and 300 are reciprocal devices, such that optical

signals having the properties of output signals 30 and 32
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can be propagated in the reverse direction and combined
within wavelength routers 10, 100, 110, 200, 250, and 300 to
produce an output signal having the properties of input
signal 28. In this respect, wavelength routers 10, 100,
110, 200, 250, and 300 may perform both multiplexing and
demultiplexing operations.

Although the present invention has been described in
several embodiments, a myriad of changes, variations,
alterations, transformations, and modifications may Dbe
suggested to one skilled in the art, and it is intended that
the present invention encompass such changes, variations,
alterations, transformations, and modifications as falling

within the spirit and scope of the appended claims.
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WHAT IS CLAIMED IS:

1. An optical device, comprising:

a plurality of birefringent waveplates oriented at a
substantially common angle about an optical axis; and

a plurality of polarization rotators arranged among the
plurality of birefringent waveplates such that a wavelength
division multiplexed optical signal propagating through the
polarization rotators and the birefringent waveplates 1is
processed into a first subset of wavelengths comprising
substantially a first polarization and a second subset of

wavelengths comprising substantially a second polarization.

2. The device of CClaim 1, wherein each of the
birefringent waveplates introduces a phase delay between a
first polarization component of the optical signal and a

second polarization component of the optical signal.

3. The device of Claim 2, wherein each of the
polarization rotators is operable to change the polarization
state of at least one of the first polarization component

and the second polarization component.

4, The device of Claim 1, wherein:

a first polarization rotator 1is oriented at a first
angle about the optical axis; and

a second polarization rotator is oriented at a second

angle about the optical axis.
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5. The device of Claim 4, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the first angle of the first polarization rotator and

the second angle of the second polarization rotator.

6. The device of Claim 2, wherein the first and
second subsets of wavelengths are based, at least in part,

upon the phase delay.

7. The device of Claim 1, wherein the common angle of

the plurality of birefringent waveplates is zero degrees.

8. The device of Claim 1, wherein the first subset of
wavelengths is complementary to the second subset of

wavelengths.

9. The device of Claim 1, further comprising a
polarization dependent routing waveplate operable to route
the first subset of wavelengths along a first optical path
and the second subset of wavelengths along a second optical

path.

10. The device of Claim 1, wherein each birefringent
waveplate 1is arranged between a pair of polarization

rotators.

11. The device of Claim 1, wherein at least one

polarization rotator comprises a half-wave plate.
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12. The device of Claim 4, wherein adjusting at least
one of the first angle of the first polarization rotator and
the second angle of the second polarization rotator adjusts

the first and second wavelength subsets.

13. The device of Claim 1, wherein at least one

birefringent waveplate comprises:

a first Dbirefringent crystal having a first
length;

a second birefringent crystal having a second
length; and

a polarization rotator positioned between the
first birefringent crystal and the second birefringent

crystal.

14. The device of Claim 13, wherein the at least one
birefringent waveplate has an effective length based, at
least in part, upon the first 1length of the first
birefringent crystal and the second length of the second

birefringent crystal.

15. The device of Claim 14, wherein the polarization
rotator comprises a half-wave plate such that the effective
length of the birefringent waveplate is based, at least in
part, upon the difference between the first length of the
first birefringent crystal and the second length of the

second birefringent crystal.
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16. The device of Claim 14, wherein the polarization
rotator comprises a dynamic half-wave plate operable to
change the polarization state of beam components associated

with the optical signal.

17. The device of Claim 16, wherein the dynamic
half-wave plate changes the polarization state of the beam
components by approximately ninety degrees such that the
effective length of the at least one birefringent waveplate
is based, at least in part, upon the difference between the
first length of the first birefringent crystal and the

second length of the second birefringent crystal.

18. The device of Claim 16, wherein the dynamic
half-wave plate changes the polarization state of the beam
components by either approximately zZero degrees or
approximately three-hundred-sixty degrees such that the
effective length of the at least one birefringent waveplate
is based, at least in part, upon the addition of the first
length of the first birefringent crystal and the second

length of the second birefringent crystal.

19. The device of Claim 13, wherein the first 1length
of the first birefringent crystal is substantially equal to

the second length of the second birefringent crystal.

20. The device of Claim 13, wherein the first length
of the first birefringent crystal is not substantially equal

to the second length of the second birefringent crystal.
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21. The device of Claim 16, wherein the first subset
of wavelengths and the second subset of wavelengths each
comprise a plurality of wavelength channels, each wavelength
channel having a particular bandwidth, such that:

if the dynamic half-wave plate changes the polarization
state of the beam components by approximately ninety
degrees, then each wavelength channel has a first bandwidth;
and

if the dynamic half-wave plate changes the polarization
state of the beam components by either approximately zero
degrees or approximately three-hundred-sixty degrees, then
each wavelength channel has a second bandwidth that is

narrower than the first bandwidth.

22. The device of Claim 16, wherein the dynamic

half-wave plate operates in response to a control signal.

23. The device of Claim 1, wherein at least one of the
plurality of polarization rotators comprises a dynamic
half-wave plate operable to change the polarization state of

beam components associated with the optical signal.

24. The device of Claim 23, wherein the dynamic
half-wave plate changes the polarization state of the beam
components such that the first polarization of the first
subset of wavelengths is substantially orthogonal to the

second polarization of the second subset of wavelengths.
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25. The device of Claim 23, wherein the dynamic
half-wave plate changes the polarization state of the beam
components such that the first polarization of the first
subset of wavelengths is substantially equal to the second

polarization of the second subset of wavelengths.

26. The device of Claim 24, further comprising a
polarization based routing waveplate operable to route the
first subset of wavelengths for receipt by a first output
port and the second subset of wavelengths for receipt by a

second output port.

27. The device of Claim 25, further comprising a
polarization based routing waveplate operable to route the
first subset of wavelengths and the second subset of

wavelengths for receipt by an output port.



10

15

20

25

30

WO 03/014781 PCT/US02/23689

47

28. A method for wavelength routing, comprising:

providing a plurality of birefringent waveplates
oriented at a substantially common angle about an optical
axis;

providing a plurality of polarization rotators arranged
among the plurality of birefringent waveplates;

propagating an optical signal through the polarization
rotators and the birefringent waveplates; and

processing the optical signal into a first subset of
wavelengths comprising substantially a first polarization
and a second subset of wavelengths comprising substantially

a second polarization.

29. The method of Claim 28, wherein processing the
optical signal comprises introducing a phase delay between a
first polarization component of the optical signal and a
second polarization component of the optical signal using at

least one of the birefringent waveplates.

30. The method of Claim 29, wherein processing the
optical signal comprises rotating the polarization of at
least one of the first polarization component and the second
polarization component using at least one of the

polarization rotators.

31. The method of Claim 28, wherein:

a first polarization rotator is oriented at a first
angle about the optical axis; and

a second polarization rotator is oriented at a second

angle about the optical axis.
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32. The method of Claim 31, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the first angle of the first polarization rotator and

the second angle of the second polarization rotator.

33. The method of Claim 28, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the common angle of the plurality of birefringent

waveplates.

34. The method of Claim 28, wherein the common angle
of the plurality of birefringent waveplates is approximately

zero degrees.

35. The method of Claim 28, wherein the first subset
of wavelengths is complementary to the second subset of

wavelengths.

36. The method of Claim 28, further comprising routing
the first subset of wavelengths along a first optical path
and the second subset of wavelengths along a second optical

path.

37. The method of Claim 28, wherein each birefringent
waveplate 1is arranged between a pair of polarization

rotators.

38. The method of Claim 28, wherein at least one

polarization rotator comprises a half-wave plate.
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39. The method of Claim 16, further comprising
dynamically adjusting at least one of the first angle of the
first polarization rotator and the second angle of the
second polarization rotator such that the first and second

wavelength subsets are adjusted.

40. The method of Claim 28, wherein at least one
birefringent waveplate comprises a first birefringent
crystal having a first length and a second birefringent
crystal having a second length, the method further
comprising rotating the polarization of beam components

associated with the optical signal.

41. The method of Claim 40, wherein the at least one
birefringent waveplate has an effective length based, at
least in part, upon the first 1length of the first
birefringent crystal and the second length of the second

birefringent crystal.

42. The method of Claim 41, wherein rotating comprises
rotating the polarization of beam components associated with
the optical signal such that such that the effective length
of the birefringent waveplate is based, at least in part,
upon the difference between the first length of the first
birefringent crystal and the second length of the second

birefringent crystal.
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43. The method of Claim 41, wherein rotating comprises
rotating the polarization of beam components associated with
the optical signal such that the effective length of the
birefringent waveplate is based, at least in part, upon the
addition of the first length of the first birefringent
crystal and the second length of the second birefringent

crystal.

44. The method of Claim 40, wherein the first subset
of wavelengths and the second subset of wavelengths each
comprise a plurality of wavelength channels, each wavelength
channel having a particular bandwidth, such that:

if the step of rotating comprises rotating the
polarization of beam components by approximately ninety
degrees, then each wavelength channel has a first bandwidth;
and

if the step of rotating comprises rotating the
polarization of beam components by either approximately zero
degrees or approximately three-hundred-sixty degrees, then
each wavelength channel has a second bandwidth that is

narrower than the first bandwidth.

45. The method of Claim 28, further comprising
rotating the polarization of beam components associated with
the optical signal such that the first polarization of the
first subset of wavelengths is substantially orthogonal to

the second polarization of the second subset of wavelengths.
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46. The method of Claim 28, further comprising
rotating the polarization of beam components associated with
the optical signal such that the first polarization of the
first subset of wavelengths is substantially equal to the

second polarization of the second subset of wavelengths.

47. The method of Claim 45, further comprising routing
the first subset of wavelengths for receipt by a first
output port and the second subset of wavelengths for receipt

by a second output port.

48. The method of Claim 46, further comprising routing
the first subset of wavelengths and the second subset of

wavelengths for receipt by an output port.
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49. An optical device, comprising:

a plurality of birefringent waveplates oriented at a
substantially common angle about an optical axis; and

a plurality of polarization rotators arranged among the
plurality of birefringent waveplates such that a first
signal comprising a first subset of wavelengths having a
first polarization and a second signal comprising a second
subset of wavelengths having a second polarization are
processed by the birefringent waveplates and the
polarization rotators into a third signal comprising the

first and second subsets of wavelengths.

50. The device of Claim 49, wherein each of the
birefringent waveplates introduces a phase delay between a
first polarization component and a second polarization
component of at least one of the first, second, and third

signals.

51. The device of Claim 50, wherein each of the
polarization rotators is operable to change the polarization
state of at least one of the first polarization component

and the second polarization component.

52. The device of Claim 49, wherein:

a first polarization rotator is oriented at a first
angle about the optical axis; and

a second polarization rotator is oriented at a second

angle about the optical axis.
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53. The device of Claim 49, wherein the common angle
of the plurality of birefringent waveplates is approximately

zero degrees.

54. The device of Claim 49, wherein the first subset
of wavelengths is complementary to the second subset of

wavelengths.

55. The device of Claim 49, wherein each birefringent
waveplate 1is arranged between a pair of polarization

rotators.

56. The device of Claim 49, wherein at least one

polarization rotator comprises a half-wave plate.

57. The device of Claim 49, wherein at least one
birefringent waveplate comprises:

a first birefringent crystal having a first length;

a second birefringent crystal having a second length;
and

a polarization rotator positioned between the first

birefringent crystal and the second birefringent crystal.

58. The device of Claim 57, wherein the birefringent
waveplate has an effective length based, at least in part,
upon the first length of the first birefringent crystal and

the second length of the second birefringent crystal.
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59. The device of Claim 58, wherein the polarization
rotator comprises a half-wave plate such that the effective
length of the birefringent waveplate is based, at least in
part, upon the difference between the first length of the
first birefringent crystal and the second length of the

second birefringent crystal.

60. The device of Claim 58, wherein the polarization
rotator comprises a dynamic half-wave plate operable to
change the polarization state of beam components associated

with at least one of the first, second, and third signals.

61. The device of Claim 60, wherein the dynamic
half-wave plate changes the polarization state of the beam
components by approximately ninety degrees such that the
effective length of the birefringent waveplate is based, at
least in part, upon the difference between the first length
of the first birefringent crystal and the second length of

the second birefringent crystal.

62. The device of Claim 60, wherein the dynamic
half-wave plate changes the polarization state of the beam
components by either approximately zZero degrees or
approximately three-hundred-sixty degrees such that the
effective length of the birefringent waveplate is based, at
least in part, upon the addition of the first length of the
first birefringent crystal and the second Ilength of the

second birefringent crystal.
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63. The device of Claim 57, wherein the first length
of the first birefringent crystal is substantially equal to

the second length of the second birefringent crystal.

64. The device of Claim 57, wherein the first length
of the first birefringent crystal is not equal to the second

length of the second birefringent crystal.



10

15

20

25

WO 03/014781 PCT/US02/23689

56

65. An optical device, comprising:

a first birefringent crystal having a first length;

a second birefringent crystal having a second length,
wherein an optical signal propagating through the first and
second birefringent crystals has an effective optical path
length based, at least in part, upon the first length of the
first birefringent crystal and the second length of the
second birefringent crystal; and

a dynamic polarization rotator operable to adjust the
effective optical path 1length of the optical signal in

response to a control signal.

66. The device of Claim 65, wherein the dynamic
polarization rotator is operable to change the polarization
state of at least a portion of the optical signal by
approximately ninety degrees such that the effective optical
path length is based, at least in part, upon the difference
between the first length of the first birefringent crystal

and the second length of the second birefringent crystal.

67. The device of Claim 65, wherein the dynamic
polarization rotator is operable to change the polarization
state of at least a portion of the optical signal by either
approximately zero degrees or approximately
three-hundred-sixty degrees such that the effective optical
path length is based, at least in part, upon the addition of
the first length of the first birefringent crystal and the

second length of the second birefringent crystal.
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68. The device of Claim 65, further comprising a third
birefringent crystal having a third length and a second
dynamic polarization rotator operable to adjust the
effective optical path length of the optical signal in

response to a second control signal.

69. The device of Claim 65, wherein the first length
of the first birefringent crystal is not equal to the second

length of the second birefringent crystal.

70. The device of Claim 65, further comprising a
plurality of birefringent waveplates arranged such that when
the optical signal propagates through the first and second
birefringent crystals, the polarization rotator, and the
plurality of birefringent waveplates, it is processed into a
first subset of wavelengths having a first polarization and

a second subset of wavelengths having a second polarization.
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71. The device of Claim 70, wherein the first subset
of wavelengths and the second subset of wavelengths each
comprise a plurality of wavelength channels, each wavelength
channel having a particular bandwidth such that:

if the dynamic polarization rotator changes the
polarization state of beam components associated with the
optical signal by approximately ninety degrees, then each
wavelength channel has a first bandwidth; and

if the dynamic polarization rotator changes the
polarization state of beam components associated with the
optical signal by either approximately zero degrees or
approximately three-hundred-sixty degrees, then each
wavelength channel has a second bandwidth that is narrower

than the first bandwidth.

72. The device of Claim 70, wherein the plurality of
birefringent waveplates are oriented at a substantially
common angle about an optical axis, the optical device
further comprising a plurality of polarization rotators

arranged among the plurality of birefringent waveplates.

73. The device of Claim 72, wherein each of the
birefringent waveplates introduces a phase delay between a
first polarization component of the optical signal and a

second polarization component of the optical signal.

74. The device of Claim 73, wherein each of the
polarization rotators arranged among the birefringent
waveplates is operable to change the polarization state of
at least one of the first polarization component and the

second polarization component.
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75. The device of Claim 72, wherein:

a first polarization rotator arranged among the
birefringent waveplates is oriented at a first angle about
the optical axis; and

a second polarization rotator arranged among the
birefringent waveplates is oriented at a second angle about

the optical axis.

76. The device of Claim 75, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the first angle of the first polarization rotator and

the second angle of the second polarization rotator.

77. The device of Claim 72, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the common angle of the plurality of birefringent

waveplates.

78. The device of Claim 72, wherein the common angle
of the plurality of birefringent waveplates is approximately

zero degrees.

79. The device of Claim 72, wherein the first subset
of wavelengths is approximately complementary to the second

subset of wavelengths.

80. The device of Claim 75, wherein adjusting at least
one of the first angle of the first polarization rotator and
the second angle of the second polarization rotator adjusts

the first and second wavelength subsets.
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81. The device of Claim 65, further comprising a
plurality of birefringent waveplates arranged such that a
first signal comprising a first subset of wavelengths having
a first polarization and a second signal comprising a second
subset of wavelengths having a second polarization are
processed by the first and second birefringent crystals, the
polarization rotator, and the birefringent waveplates into a
third signal comprising the first and second subsets of

wavelengths.

82. The device of Claim 72, wherein at least one of
the plurality of polarization rotators arranged among the
birefringent waveplates comprises a dynamic half-wave plate
operable to change the polarization state of beam components

associated with the optical signal.

83. The device of Claim 82, wherein the dynamic
half-wave plate changes the polarization state of the beam
components such that the first polarization of the first
subset of wavelengths 1is substantially orthogonal to the

second polarization of the second subset of wavelengths.

84. The device of Claim 82, wherein the dynamic
half-wave plate changes the polarization state of the beam
components such that the first polarization of the first
subset of wavelengths is substantially equal to the second

polarization of the second subset of wavelengths.
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85. The device of Claim 83, further comprising a
polarization based routing waveplate operable to route the
first subset of wavelengths for receipt by a first output
port and the second subset of wavelengths for receipt by a

second output port.

86. The device of Claim 84, further comprising a
polarization based routing waveplate operable to route the
first subset of wavelengths and the second subset of

wavelengths for receipt by an output port.
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87. A method for adjusting the effective optical path
length of an optical signal, comprising:

propagating an optical signal through a first
birefringent crystal having a first length;

propagating the optical signal through a second
birefringent crystal having a second length;

rotating the polarization of beam components associated
with the optical signal such that the effective optical path
length of the optical signal is based, at least in part,
upon the first length of the first birefringent crystal and

the second length of the second birefringent crystal.

88. The method of Claim 87, wherein rotating comprises
rotatingA the ©polarization of the beam components by
approximately ninety degrees such that the effective optical
path length of the optical signal is based, at least in
part, upon the difference between the first length of the
first birefringent crystal and the second length of the

second birefringent crystal.

89. The method of Claim 87, wherein rotating comprises
rotating the polarization of the beam components by either
approximately Zero degrees or approximately
three-hundred-sixty degrees such that the effective optical
path length of the optical signal is based, at 1least in
part, upon the addition of the first length of the first
birefringent crystal and the second length of the second

birefringent crystal.
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90. The method of Claim 87, wherein the first length
of the first birefringent crystal is substantially equal to

the second length of the second birefringent crystal.

91. The method of Claim 87, wherein the first 1length
of the first birefringent crystal is not substantially equal

to the second length of the second birefringent crystal.

92. The method of Claim 87, further comprising
propagating the optical signal through a plurality of
birefringent waveplates such that the optical signal is
processed into a first subset of wavelengths having a first
polarization and a second subset of wavelengths having a

second polarization.

93. The method of Claim 92, wherein the first subset
of wavelengths and the second subset of wavelengths each
comprise a plurality of wavelength channels, each wavelength
channel having a particular bandwidth, such that:

if the step of rotating comprises rotating the
polarization of beam components by approximately ninety
degrees, then each wavelength channel has a first bandwidth;
and

if the step of rotating comprises rotating the
polarization of beam components by either approximately zero
degrees or approximately three-hundred-sixty degrees, then
each wavelength channel has a second bandwidth that is

narrower than the first bandwidth.
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94. The method of Claim 92, wherein the plurality of
birefringent waveplates are oriented at a common angle about

an optical axis.

95. The method of Claim 94, further comprising
imparting a phase delay between a first polarization
component of the optical signal and a second polarization
component of the optical signal using at least one of the

plurality of birefringent waveplates.

96. The method of Claim 95, further comprising
rotating the polarization of at 1least one of the first
polarization component and the second polarization component
using one of a plurality of polarization rotators arranged

among the plurality of birefringent waveplates.

97. The method of Claim 96, wherein:

a first polarization rotator arranged among the
birefringent waveplates is oriented at a first angle about
the optical axis; and

a second polarization rotator arranged among the
birefringent waveplates is oriented at a second angle about

the optical axis.

98. The method of Claim 97, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the first angle of the first polarization rotator and

the second angle of the second polarization rotator.
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99. The method of Claim 94, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the common angle of the plurality of birefringent

waveplates.

100. The method of Claim 94, wherein the common angle
of the plurality of birefringent waveplates is approximately

zero degrees.

101. The method of Claim 92, wherein the first subset
of wavelengths is approximately complementary to the second

subset of wavelengths.

102. The method of Claim 97, wherein adjusting at least
one of the first angle of the first polarization rotator and
the second angle of the second polarization rotator adjusts

the first and second wavelength subsets.

103. The wmethod of Claim 94, further comprising
rotating the polarization of beam components associated with
the optical signal using one of a plurality of polarization
rotators arranged among the plurality of birefringent
waveplates such that the first polarization of the first
subset of wavelengths 1is substantially orthogonal to the

second polarization of the second subset of wavelengths.
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104. The method of Claim 94, further comprising
rotating the polarization of beam components associated with
the optical signal using one of a plurality of polarization
rotators arranged among the plurality of birefringent
waveplates such that the first polarization of the first
subset of wavelengths is substantially equal to the second

polarization of the second subset of wavelengths.

105. The method of Claim 103, further comprising
routing the first subset of wavelengths for receipt by a
first output port and the second subset of wavelengths for

receipt by a second output port.

106. The method of Claim 104, further comprising
routing the first subset of wavelengths and the second

subset of wavelengths for receipt by an output port.
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107. An optical wavelength router, comprising:

a first input port operable to receive a first input

signal having a first bit-rate;

a second input port operable to receive a second input

signal having a second bit-rate; and

an optical device comprising:

a first  Dbirefringent crystal having a first
length;

a second birefringent crystal having a second
length, wherein an optical signal propagating through
the first and second birefringent crystals has an
effective optical path length based, at least in part,
upon the first length of the first birefringent crystal
and the second length of the second birefringent
crystal; and

a dynamic polarization rotator operable to adjust
the effective optical path length of the optical signal
in response to a control signal such that the optical
device operates in the first state to process the first
input signal and the optical device operates in the

second state to process the second input signal.

108. The 1zrouter of Claim 107, wherein the first

bit-rate is different from the second bit-rate.
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109. The router of Claim 107, wherein:

the first input signal comprises a plurality of
wavelength channels, each wavelength channel having a first
spectral bandwidth;

the second input signal comprises a plurality of
wavelength channels, each wavelength channel having a second
spectral bandwidth different from the first spectral

bandwidth.

110. The router of Claim 107, further comprising:

a demultiplexer operable to demultiplex the first input
signal into a plurality of wavelength channels; and

a switch operable to process the plurality of

wavelength channels associated with the first input signal.

111. The router of Claim 110, wherein the optical
device further comprises a plurality of Dbirefringent
waveplates operable to multiplex the plurality of wavelength
channels associated with the first input signal to form an

output signal.

112. The router of Claim 111, wherein the birefringent
waveplates are oriented at a substantially common angle
about an optical axis and further comprising a plurality of
polarization rotators arranged among the plurality of

birefringent waveplates.
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113. The router of Claim 107, wherein the dynamic
polarization rotator is operable to change the polarization
state of at least a portion of the first input signal by
approximately ninety degrees such that the effective optical
path length of the first input signal is based, at least in
part, upon the difference between the first length of the
first birefringent crystal and the second length of the

second birefringent crystal.

114. The router of Claim 107, wherein the dynamic
polarization rotator is operable to change the polarization
state of at least a portion of the first input signal by
either approximately zero degrees or approximately
three-hundred-sixty degrees such that the effective optical
path length of the first input signal is based, at least in
part, upon the addition of the first length of the first
birefringent crystal and the second length of the second

birefringent crystal.
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115. An optical device, comprising:

a plurality of birefringent waveplates; and

a plurality of polarization rotators arranged among the
plurality of birefringent waveplates such that an optical
signal propagating through the polarization rotators and the
birefringent waveplates is processed into a first subset of
wavelengths comprising substantially a first polarization
and a second subset of wavelengths comprising substantially
a second polarization;

wherein at least one of the plurality of polarization
rotators 1is operable to change the polarization state of

beam components associated with the optical signal.

116. The device of Claim 115, wherein the at least one
polarization rotator changes the polarization state of the
beam components such that the first polarization of the
first subset of wavelengths is substantially orthogonal to

the second polarization of the second subset of wavelengths.

117. The device of Claim 115, wherein the at least one
polarization rotator changes the polarization state of the
beam components such that the first polarization of the
first subset of wavelengths is substantially equal to the

second polarization of the second subset of wavelengths.

118. The device of C(Claim 116, further comprising a
polarization based routing waveplate operable to route the
first subset of wavelengths for receipt by a first output
port and the second subset of wavelengths for receipt by a

second output port.
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119. The device of Claim 117, further comprising a
polarization based routing waveplate operable to route the
first subset of wavelengths and the second subset of

wavelengths for receipt by an output port.

120. The device of Claim 115, wherein each of the
plurality of birefringent waveplates 1s oriented at a

substantially common angle about an optical axis.

121. The device of Claim 115, wherein each of the
birefringent waveplates introduces a phase delay between a
first polarization component of the optical signal and a

second polarization component of the optical signal.

122. The device of Claim 121, wherein each of the
polarization rotators is operable to change the polarization
state of at least one of the first polarization component

and the second polarization component.

123. The device of Claim 115, wherein:

a first polarization rotator is oriented at a first
angle about the optical axis; and

a second polarization rotator is oriented at a second

angle about the optical axis.

124. The device of Claim 123, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the first angle of the first polarization rotator and

the second angle of the second polarization rotator.
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125. The device of Claim 121, wherein the first and
second subsets of wavelengths are based, at least in part,

upon the phase delay.

126. The device of Claim 120, wherein the substantially
common angle of the plurality of birefringent waveplates is

approximately zero degrees.

127. The device of Claim 115, wherein the first subset
of wavelengths is approximately complementary to the second

subset of wavelengths.

128. The device of Claim 115, further comprising a
polarization dependent routing waveplate operable to route
the first subset of wavelengths along a first optical path
and the second subset of wavelengths along a second optical

path.

129. The device of Claim 115, wherein each birefringent
waveplate 1is arranged between a pair of polarization

rotators.

130. The device of Claim 115, wherein at 1least one

polarization rotator comprises a half-wave plate.

131. The device of Claim 123, wherein adjusting at
least one of the first angle of the first polarization
rotator and the second angle of the second polarization

rotator adjusts the first and second wavelength subsets.
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132. The device of Claim 115, wherein at least one
birefringent waveplate comprises:

a first birefringent crystal having a first length;

a second birefringent crystal having a second length;
and

a polarization rotator positioned between the first

birefringent crystal and the second birefringent crystal.

133. The device of Claim 132, wherein the at least one
birefringent waveplate has an effective length based, at
least 1in part, wupon the first 1length of the first
birefringent crystal and the second length of the second

birefringent crystal.

134. The device of Claim 133, wherein the polarization
rotator positioned between the first and second birefringent
crystals comprises a half-wave plate such that the effective
length of the birefringent waveplate is based, at least in
part, upon the difference between the first length of the
first birefringent crystal and the second length of the

second birefringent crystal.

135. The device of Claim 133, wherein the polarization
rotator positioned between the first and second birefringent
crystals comprises a dynamic half-wave plate operable to
change the polarization state of beam components associated

with the optical signal.
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136. The device of Claim 135, wherein the dynamic
half-wave plate changes the polarization state of the beam
components by approximately ninety degrees such that the
effective length of the birefringent waveplate is based, at
least in part, upon the difference between the first length
of the first birefringent crystal and the second length of

the second birefringent crystal.

137. The device of Claim 135, wherein the dynamic
half-wave plate changes the polarization state of the beam
components by either approximately zZero degrees or
approximately three-hundred-sixty degrees such that the
effective length of the birefringent waveplate is based, at
least in part, upon the addition of the first length of the
first birefringent crystal and the second length of the

second birefringent crystal.

138. The device of Claim 132, wherein the first length
of the first birefringent crystal is substantially equal to

the second length of the second birefringent waveplate.

139. The device of Claim 132, wherein the first length
of the first birefringent crystal is not substantially equal

to the second length of the second birefringent waveplate.



10

15

WO 03/014781 PCT/US02/23689

75

140. The device of Claim 135, wherein the first subset
of wavelengths and the second subset of wavelengths each
comprise a plurality of wavelength channels, each wavelength
channel having a particular bandwidth such that:

if the dynamic half-wave plate changes the polarization
state of the beam components by ninety degrees, then each
wavelength channel has a first bandwidth; and

if the dynamic half-wave plate changes the polarization
state of the beam components by either approximately zero
degrees or approximately three-hundred-sixty degrees, then
each wavelength channel has a second bandwidth that is

narrower than the first bandwidth.

141. The device of Claim 135, wherein the dynamic

half-wave plate operates in response to a control signal.
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142. A method for wavelength routing, comprising:

propagating an optical signal through a plurality of
birefringent waveplates;

rotating a portion of an optical signal using at least
one of a plurality of polarization rotators arranged among
the plurality of birefringent waveplates;

processing the optical signal into a first subset of
wavelengths comprising substantially a first polarization
and a second subset of wavelengths comprising substantially

a second polarization.

143. The method of Claim 142, wherein rotating
comprises rotating the polarization of Dbeam components
associated with the optical signal such that the first
polarization of the first subset of wavelengths is
substantially orthogonal to the second polarization of the

second subset of wavelengths.

144. The method of Claim 142, wherein rotating
comprises rotating the polarization of beam components
associated with the optical signal such that the first
polarization of the first subset of wavelengths 1is
substantially equal to the second polarization of the second

subset of wavelengths.

145. The method of Claim 143, further comprising
routing the first subset of wavelengths for receipt by a
first output port and the second subset of wavelengths for

receipt by a second output port.
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146. The method of Claim 144, further comprising
routing the first subset of wavelengths and the second

subset of wavelengths for receipt by an output port.

147. The method of Claim 142, wherein each of the
plurality of ©birefringent waveplates 1is oriented at a

substantially common angle about an optical axis.

148. The method of Claim 142, further comprising
imparting a phase delay between a first polarization
component of the optical signal and a second polarization
component of the optical signal using at least one of the

plurality of birefringent waveplates.

149. The method of Claim 148, wherein rotating
comprising rotating the polarization of at least one of the
first polarization component and the second polarization

component.

150. The method of Claim 142, wherein:

a first polarization rotator is oriented at a first
angle about the optical axis; and

a second polarization rotator is oriented at a second

angle about the optical axis.

151. The method of Claim 150, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the first angle of the first polarization rotator and

the second angle of the second polarization rotator.
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152. The method of Claim 147, wherein the first and
second subsets of wavelengths are based, at least in part,
upon the substantially common angle of the plurality of

birefringent waveplates.

153. The method of Claim 147, wherein the substantially
common angle of the plurality of birefringent waveplates is

approximately zero degrees.

154. The method of Claim 142, wherein the first subset
of wavelengths is complementary to the second subset of

wavelengths.

155. The method of Claim 142, wherein propagating
further comprises:

propagating the optical signal through at least a first
birefringent crystal having a first length;

propagating the optical signal through at 1least a
second birefringent crystal having a second length; and

rotating the polarization of beam components associated
with the optical signal such that the effective optical path
length of the optical signal through the first and second
birefringent crystals 1is based, at least in part, upon the
first length of the first birefringent crystal and the

second length of the second birefringent crystal.

156. The method of Claim 155, wherein rotating the
polarization of the beam components comprises rotating the
polarization of the beam components by approximately ninety
degrees such that the effective optical path length of the

optical signal is based, at least in part, upon the
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difference between the first length of the first
birefringent crystal and the second length of the second

birefringent crystal.

157. The method of Claim 155, wherein rotating the
polarization of the beam components comprises rotating the
polarization of the beam components by either approximately
zero degrees or approximately three-hundred-sixty degrees
such that the effective optical path length of the optical
signal is based, at least in part, upon the addition of the
first length of the first birefringent crystal and the

second length of the second birefringent crystal.

158. The method of Claim 155, wherein the first length
of the first birefringent crystal is substantially equal to

the second length of the second birefringent crystal.

159. The method of Claim 155, wherein the first length
of the first birefringent crystal is not substantially equal

to the second length of the second birefringent crystal.



10

15

WO 03/014781 PCT/US02/23689

80

160. The method of Claim 155, wherein the first subset
of wavelengths and the second subset of wavelengths each
comprise a plurality of wavelength channels, each wavelength
channel having a particular bandwidth, such that:

if the step of rotating the polarization of the beam
components comprises rotating the polarization of beam
components by approximately ninety degrees, then each
wavelength channel has a first bandwidth; and

if the step of rotating the polarization of the beam
components comprises rotating the polarization of beam
components by either approximately zZero degrees or
approximately three-hundred-sixty degrees, then each
wavelength channel has a second bandwidth that is narrower

than the first bandwidth.
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161. In an optical communication system comprising a
plurality of optical paths, a node coupled to at least one
of the optical paths, the node comprising:

a plurality of birefringent waveplates; and

a plurality of polarization rotators arranged among the
plurality of birefringent waveplates such that an optical
signal propagating through the polarization rotators and the
birefringent waveplates 1is processed into a first subset of
wavelengths comprising substantially a first polarization
and a second subset of wavelengths comprising substantially
a second polarization;

wherein at least one of the plurality of polarization
rotators is operable to change the polarization state of

beam components associated with the optical signal.

162. The node of Claim 161, wherein the at least one
polarization rotator changes the polarization state of the
beam components such that the first polarization of the
first subset of wavelengths is substantially orthogonal to

the second polarization of the second subset of wavelengths.

163. The node of Claim 161, wherein the at least one
polarization rotator changes the polarization state of the
beam components such that the first polarization of the
first subset of wavelengths is substantially equal to the

second polarization of the second subset of wavelengths.
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164. The node of Claim 162, further comprising a
polarization based routing waveplate operable to route the
first subset of wavelengths for communication along a first
output path and the second subset of wavelengths for

communication along a second output path.

165. The node of Claim 163, further comprising a
polarization based routing waveplate operable to route the
first subset of wavelengths and the second subset of

wavelengths for communication along an output path.

166. The node of Claim 161, wherein each of the
plurality of birefringent waveplates is oriented at a

substantially common angle about an optical axis.

167. The node of Claim 161, wherein at least one
birefringent waveplate comprises:

a first birefringent crystal having a first length;

a second birefringent crystal having a second length;
and

a polarization rotator positioned between the first

birefringent crystal and the second birefringent crystal.

168. The node of Claim 167, wherein the polarization
rotator changes the polarization state of the beam
components by approximately ninety degrees such that the
effective length of the birefringent waveplate is based, at
least in part, upon the difference between the first length
of the first birefringent crystal and the second length of

the second birefringent crystal.
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169. The node of Claim 167, wherein the polarization
rotator changes the polarization state of the beam
components by either approximately zero degrees or
approximately three-hundred-sixty degrees such that the
effective length of the birefringent waveplate is based, at
least in part, upon the addition of the first length of the
first birefringent crystal and the second length of the

second birefringent crystal.
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